Introduction
Organic aerosols (OA) are a major constituent of fine particulate mass which affects air quality, visibility, and climate. Primary OA (POA) are mostly produced by combustion sources, while secondary OA (SOA) form through oxidation and partitioning of volatile organic compounds from anthropogenic and biogenic sources. Ambient OA is a complex mix of thousands of different organic molecules that introduces difficulties in analytical measurements, leaving large measurement uncertainty (e.g., Kanakidou et al., 2005; Jimenez et al., 2009) . OA contains organic carbon (OC) as its major constituent and other elements such as oxygen, hydrogen and nitrogen, which together with OC constitute the total organic aerosol mass. Characterization of OA requires spatially and seasonally resolved information about the ratio of OA with OC (OA/ OC, also commonly written as OM/OC, where OM is "organic mass", a synonym of OA).
Traditional ground-based impaction or filter-based instruments routinely measure OC using different analytic methods (e.g., Hand et al., 2012) , but not OM due to difficulties in characterizing different components of OM. Other specific techniques that measure OM directly, such as Fourier Transform Infrared spectroscopy (FTIR) (Russell et al., 2009 ) and solvent extraction techniques (ElZanan et al., 2005) , are not used extensively. A wide range of literature is available on the methods to determine the OM/OC ratio, and it is a broadly debated issue. A common practice to interpret OC measurements is through the use of a continental mean value for the OM/OC ratio (such as 1.4 (Grosjean and Friedlander, 1975; White and Roberts, 1977 ), 1.6 (Malm et al., 1994) , 1.4e2.1 (Turpin and Lim, 2001) , and 1.8 (Hand et al., 2012) for North America). The spatial and seasonal variation in the OM/OC ratio is often neglected in the interpretation of measurement data due to insufficient information (e.g., Hand et al., 2012) .
These global-mean values are frequently used in aerosol models to convert between POA and OM (e.g., Park et al., 2003) . This is because most global and regional models simulate POA as OC. Despite notable developments for simulating the oxidative aging of OM (Simon and Bhave, 2012) , most models do not yet readily predict the OM/OC ratio. A spatially and seasonally varying estimate of the OM/OC ratio should help interpret simulated organic aerosols.
The OM/OC ratio is directly related to the O/C ratio in the organic mass, since the contribution of non-oxygen elements to the OM/OC ratio is generally small, and both ratios increase with chemical aging of OA (Aiken et al., 2008; Pang et al., 2006) . OM/OC has seasonal and spatial variation depending on the sources of POA and SOA and their degree of aging. The Aerosol Mass Spectrometer (AMS) offers quantitative determination of the size-resolved submicron OM at high temporal resolution through mass spectrometry (Jimenez et al., 2003; Canagaratna et al., 2007) . Factor analysis of the AMS spectra can differentiate POA such as hydrocarbon-like OA (HOA) and several types of oxygenated OA (OOA) (Zhang et al., 2005a) that are typically SOA surrogates . POA has lower OM/OC than SOA, and fresh SOA has lower OM/OC than aged SOA (Aiken et al., 2008) .
The oxidative aging of organics may be indirectly estimated through different proxies. Both NO x and submicron POA are mainly emitted from combustion processes. NO x is oxidized in the atmosphere with a timescale of about a day. Over regional scales OA is dominated by SOA, and anthropogenic SOA is also formed with a timescale of about a day and in amounts much larger than the originally emitted POA (DeCarlo et al., 2010) . Globally most SOA may be due to anthropogenic enhancement of biogenic SOA, which is also thought to have a similar timescale of formation (Goldstein et al., 2009; Spracklen et al., 2011) . Once formed, all types of SOA appear to age with a characteristic timescale of about 1e2 days, increasing the OM/OC ratio (Jimenez et al., 2009) . Given the similar spatial emission patterns and timescales, we explore ambient NO 2 concentrations as a surrogate for the POA/OA fraction and thus OM/OC ratios.
Here, we introduce a parameterization for OM/OC based on the POA fraction estimated from AMS measurements (Section 2.1), test global ground-level NO 2 and NO x concentrations as a proxy for POA and thus OM/OC (Sections 2.2 and 2.3), and develop a gridded dataset of the seasonally varying OM/OC ratio (Section 2.4). We describe the spatially and seasonally varying satellite-derived OM/ OC in Section 3.
Materials and methods
2.1. Primary OA fraction of the AMS data to predict OM/OC We first explore a method to derive OM/OC. For this, we use the POA fraction of the AMS data as a proxy for combustion emissions (where combustion emissions can then be determined from the measurements of co-emitted species such as NO x ). Aiken et al. (2008) demonstrate a method to use high-resolution time-offlight AMS ambient OA measurements to directly quantify the OM/ OC ratio. Aiken et al. (2008) report a high correlation for OM/OC versus O/C (r ¼ 0.998), quantify the OM/OC ratio for urban POA as w1.3, and find that for OOA the OM/OC ratio varies from 1.9 to 2.4. Per the timescale discussion above, f POA (the ratio of POA, determined from factor analysis of AMS spectra , to the total measured OA) is expected to be inversely related to OM/ OC. Therefore, we parameterize OM/OC from AMS using f POA ,
This method assumes that POA has an OM/OC ratio of 1.3 and OOA has a value of 2.1. However it should be noted that the OM/OC values for OOA can range from 1.9 to 2.4, and therefore our assumption introduces an uncertainty to the OM/OC estimates from the equation (1). An independent evaluation with direct OM/ OC estimates from the AMS quantifies this uncertainty (AE0.2 mg/ mgC) as described below. We collected nine published high mass resolution campaign-mean AMS-estimated f POA and AMSmeasured OM/OC data from field campaigns to evaluate this parameterization. Fig. 1 shows the scatter plot of AMS OM/OC and f POA . It includes a representation of a typical urban POA with OM/OC ratio of 1.3 (f POA ¼ 1). We plotted equation (1) over this scatter plot (black line). The scatter points (OM/OC) are approximately within AE0.2 (mg/mgC) from the solid black line. This confirms the validity of the predicted relation in equation (1). Moreover, the high correlation (r ¼ À0.91) supports the linear relation between AMS f POA and OM/OC in the continental boundary layer across a variety of regions. However, we caution that there are few free-tropospheric, biomass burning or marine boundary layer observations in this dataset. OM/OC values can exceed 2.1 outside of the continental boundary layer ) and from biomass burning (Turpin and Lim, 2001) . Thus, this parameterization may underestimate OM/OC in those regions. Although the relation in equation (1) offers another estimate (indirect) of OM/OC over AMS locations, this relation is developed only to generate OM/OC from NO x measurements (Section 3). More reliable methods to estimate OM/OC from AMS are already available (for example, publications listed in Fig. 1  caption) . Spracklen et al. (2011) and Zhang et al. (2007) collected AMS POA and OOA data for 47 approximately month-long observation campaigns over 37 locations. However, this dataset does not have reliable high mass resolution OM/OC measurements to evaluate equation (1). Nevertheless, this dataset has reliable POA fraction data for a broad range of locations. The prediction model in equation (1) can be applied to f POA estimates of these 47 campaign-mean dataset to generate an indirect OM/OC dataset. Fig. 2 shows these global AMS measurements of OA (top left), POA (top right), f POA (bottom left), and the derived OM/OC ratio (bottom right). f POA is high over regions with fresh anthropogenic emissions. The OM/OC ratio typically ranges from 1.7 to 2.1.
We also considered the OM/OC ratio as estimated through a multiple regression analysis of IMPROVE data (Simon et al., 2011) . However, the OM/OC ratio estimated from AMS and IMPROVE measurements differs from each other (r ¼ 0.4, RMSE ¼ 0.13 mg/mgC, number of points ¼ 13), and the difference is not well understood. The O/C from the AMS is a more direct measurement, whereas the OM from IMPROVE is based on the measured OC plus extra mass needed to get closure between the total characterized mass and the total measured mass (Aiken et al., 2008; Simon et al., 2011) . The inaccuracy of OC and inorganic mass measurements by IMPROVE filter techniques, and the subtraction of two large numbers introduce errors in the OM/OC calculation (Simon et al., 2011) . In addition, filter measurements tend to suffer loss of semivolatile species (especially during warm seasons) and condensation of volatile organic compounds. Real time AMS measurements are less influenced by gas-particle partitioning of semivolatile species. Thus we focus exclusively on AMS data for the remainder of this manuscript.
Nitrogen oxides as a proxy for primary OA fraction
Primary organic aerosol has major sources from local combustion processes. Several studies reported the high correlation of AMS-estimated POA with nitrogen oxide species (e.g., Zhang et al., 2005b; Sun et al., 2011; Ge et al., 2012) . Therefore, the fractionation of ambient OA to primary and oxygenated components can be determined indirectly from the measurements of NO x . Given the correlation between POA and NO x , here we explore the relationship between AMS POA fraction measurements, and a spatially coincident modeled NO x climatology to develop a proxy for the POA fraction and then the OM/OC ratio. We use the GEOS-Chem (http:// geos-chem.org) global three-dimensional chemical transport model to test the correlations between AMS-estimated f POA and coemitted combustion related species. GEOS-Chem includes a detailed simulation of oxidant-aerosol chemistry as described in the Appendix.
We tested the spatial correlation between AMS-estimated f POA and coincident GEOS-Chem simulations of NO x (r ¼ 0.73), NO 2 (r ¼ 0.74), hydrophobic OC (r ¼ 0.42), BC (r ¼ 0.57), and CO (r ¼ 0.15). The significant correlation for NO x supports the use of this species as a proxy for the AMS POA fraction. Therefore, we assume that the typical continental POA fraction is a function of NO x concentrations.
Ambient primary OA fraction estimate from satellite-derived nitrogen dioxide concentration
Given the significant correlation between modeled nitrogen oxides and observed POA fraction, we further compare AMS f POA with satellite retrievals of NO 2 which offer finer spatial information than the model. Advancements in satellite remote sensing over the last decade yield accurate retrievals of global NO 2 column concentrations at moderate spatial resolution (Boersma et al., 2011; Bucsela et al., 2013) . The NO 2 column concentrations are closely related to local NO x emission (Martin et al., 2003a ) and groundlevel NO 2 concentrations (Lamsal et al., 2008) . We relate these NO 2 concentrations with the POA fraction at ground-level. We begin with NO 2 columns retrieved by Bucsela et al. (2013) for years 2005e2008 from the DutcheFinnish built Ozone Monitoring Instrument (OMI) sensor aboard the NASA Aura satellite. We retain column data that have cloud fraction < 0.3, solar zenith angle < 78 and near-nadir viewing angle (scan positions 7e53 out of 60).
We use the daily coincident ratio of column density to groundlevel concentration simulated with the GEOS-Chem model to derive daily ground-level NO 2 concentrations at a spatial resolution of 0.1 Â 0.1 following Lamsal et al. (2008 Lamsal et al. ( , 2010 . Ground-level NO 2 concentrations derived from this approach exhibit significant temporal (r ¼ 0.30e0.96, mean r ¼ 0.69) and spatial (r ¼ 0.78) correlation versus in situ measurements at 307 sites across North America .
We sampled the long-term monthly mean OMI-derived groundlevel NO 2 mixing ratio (at a spatial resolution of 0.1 Â 0.1 ) with the spatially coincident AMS-estimated POA fraction. Fig. 3 shows the scatter plot of OMI NO 2 versus AMS f POA . Similar to model comparisons mentioned above, the correlation for these two species is significant (r ¼ 0. A linear relation can be used to derive ambient f POA from OMI NO 2 data given their high correlation. We used the correlation statistics obtained for a reduced major axis regression between the AMS f POA and OMI NO 2 (r ¼ 0.73, slope ¼ 11.32, offset ¼ À0.77, N ¼ 47) to fit a line. We then compared f POA estimated from OMI NO 2 (using the linear fit) against 47 AMS f POA data, and obtained an RMSE of 0.31 (r ¼ 0.73, slope ¼ 1.0, offset ¼ 0, N ¼ 47). However, we note that a fast increase of f POA at low NO 2 concentrations is more consistent with Fig. 3 . OMI NO 2 is almost constant for f POA between 0 and 0.2, and increasing thereafter. Therefore we test a non-linear relation here.
The ground-level f POA and the OMI NO 2 data (ppb) follow,
We reproduced the f POA values from OMI NO 2 data using equation (2), and compared with 47 AMS f POA , and obtained a high correlation (r ¼ 0.85, slope ¼ 1.11, offset ¼ À0.02, RMSE ¼ 0.25, N ¼ 47). The RMSE of 0.31 for a linear fit exceeds the RMSE of 0.25 for the non-linear fit. Therefore, equation (2) is a good approximation of the relation between the fractionation of ambient OA versus NO 2 concentrations over a broad region.
Global OM/OC from satellite-derived and modeled nitrogen oxides
Having predicted (equations (1) and (2)) and evaluated the relation for AMS OM/OC versus AMS f POA (Section 2.1), and AMS f POA versus OMI NO 2 (Section 2.3), it is straightforward to derive seasonally varying maps of the global OM/OC ratio. Equations (1) and (2) We use monthly mean OMI-derived ground-level NO 2 concentrations (ppb) for 2005e2008 to produce a global climatology of the OM/OC ratio using equation (3). For NO 2 < 0.2, the OM/OC ratio is 2.1 which is consistent with a ratio over regions which lack primary emission. We imposed a lower limit of 1.3 to avoid unrealistic (f POA exceeding 1) values for extremely high NO 2 conditions. A cross validation of the OMI-derived long-term monthly mean OM/OC product with the 47 AMS-derived OM/OC (from AMS f POA using equation (1)) data shows an RMSE of 0.06 mg/mgC (r ¼ 0.85,
Similarly, we create a prediction model from the GEOS-Chem NO x concentrations, OM=OC ¼ 2:1 À 0:8 Â ððNO x À 0:5Þ=18Þ 0:6 (4)
The GEOS-Chem NO x estimated OM/OC also has significant agreement (r ¼ 0.74, slope ¼ 1.08, offset ¼ À0.15, RMSE ¼ 0.08 mg/ mgC) with the AMS data. Hence, model simulations of NO x also can be used as a proxy for OM/OC. Fig. 4 shows seasonal maps of the predicted OM/OC ratio based on the OMI-derived NO 2 concentration climatology. Maximum OM/ OC ratios above 1.9 are found in regions with low NOx emissions. Urban and industrial regions of the Northern Hemisphere tend to have lower OM/OC ratios. Fresh urban OA emission from transportation leads to low values for OM/OC in Eastern North America. The southeast U.S. with biogenic SOA production has high OM/OC values. Biomass burning regions have high predicted OM/OC ratios which are coincidently consistent with expectations; future work should extend this parameterization to explicitly represent the enhanced OM/OC from fires. Biases due to soil NO x emissions are not apparent, due to the diffuse nature of the source. Annual mean values for urban (w1.5 mg/mgC) and rural (w2.0 mg/mgC) regions are broadly consistent with the values recommended by Turpin and Lim (2001) . FTIR spectroscopy methods yield annual mean values of 1.9e2.0 mg/mgC over both Pittsburg (Polidori et al., 2008) and a rural site in Hungary (Kiss et al., 2002) , which close to our regional estimate of 1.8 mg/mgC.
Discussion of the global OM/OC ratio
The OM/OC ratio has a winter minimum and summer maximum over polluted regions. The high summer OM/OC in this dataset reflects lower NO x and f POA in summer compared to winter. In general, high temperatures and sunlight in summer lead to high oxidant availability and enhanced photochemistry. The resulting oxidative aging of POA and enhanced SOA formation increase the summertime OM/OC ratio compared to winter. The lower winter OM/OC is due to lower oxygen content in the aged OA. Simon et al. (2011) also find similar seasonality for the OM/OC ratio despite differences in magnitude. Xing et al. (2013) of organic compounds extracted from PM 2.5 to find OM/OC ratios for 14 Chinese cities in summer of 1.75 AE 0.13 mg/mgC compared with our estimate of w1.8 mg/mgC, and in winter of 1.59 AE 0.18 mg/ mgC compared with our estimate of w1.6 mg/mgC. Hence, we conclude that the global annual mean values for urban and rural regions, and its seasonal variation over urban regions are broadly consistent with the values recommended by several other studies.
Conclusions
We developed a simple technique to estimate the spatial and seasonal variation of the global OM/OC ratio. OMI NO 2 observations were used to represent air mass age and scaled to AMS observations. The resultant dataset appears to generally represent the OM to OC ratio in most of the continental boundary layer. Underestimates are expected in biomass burning, marine and freetropospheric environments. Nonetheless the dataset should serve as an improvement over the commonly used global values for OM/ OC. This work would benefit from more AMS measurements of the OM/OC ratio across multiple seasons and regions. Ongoing efforts to explicitly simulate oxidative aging of OA should ultimately yield a more complete representation of OM/OC.
The GEOS-Chem (version 9-01-03; http://geos-chem.org) is a global three-dimensional chemical transport model driven with assimilated meteorological data from the Goddard Earth Observing System (GEOS-5) at the NASA Global Modeling Assimilation Office (GMAO). We conduct our simulations at a spatial resolution of 2 Â 2.5 for the years 2005e2008. The lowest layer of the model is approximately 130 m with a total of 47 levels from the Earth's surface to the top of the atmosphere. We use full mixing of species below the mixed layer depth, with a correction to the GEOS-5 predicted mixed layer depth Walker et al., 2012) . We use a timestep of 15 min for dynamical processes (transport and convection), and a timestep of 60 min for chemical processes and emissions.
GEOS-Chem contains a detailed simulation of HO x eNO x eVOCe ozoneeaerosol chemistry (Bey et al., 2001; Park et al., 2004) . Mao et al. (2010) describe the GEOS-Chem chemical mechanism in detail. The simulation of secondary inorganic ions is directly coupled with gas phase chemistry (Park et al., 2004) . Aerosolegas interactions are simulated through heterogeneous chemistry with updated aerosol uptake of N 2 O 5 (Evans and Jacob, 2005) and HO 2 (Thornton et al., 2008) , aerosol extinction effects on photolysis rates (Martin et al., 2003b) , the partitioning of aerosols from gas using the ISORROPIA II thermodynamic scheme (Fountoukis and Nenes, 2007) as implemented by Pye et al. (2009) , and gaseaerosol partitioning of semivolatile products of VOC oxidation Seinfeld, 2006, 2008; Liao et al., 2007) .
Anthropogenic NO x emission inventories are from the EDGAR v32-FT2000 global inventory for 2000 (Olivier et al., 2005) , with regional overwrites over the U.S. (Environmental protection Agency-National Emissions Inventory 2005), Canada (CAC; http:// www.ec.gc.ca/pdb/cac/), Mexico (BRAVO; Kuhns et al., 2005) , Europe (EMEP; http://www.emep.int/), and East Asia . Emissions are scaled to subsequent years on the basis of energy statistics and after 2006 with OMI NO 2 data (Lamsal et al., 2011) . Other major non-anthropogenic land NO x emissions include biomass burning emissions (GFED-3; Mu et al., 2011) and soil emissions (Yienger and Levy, 1995; Wang et al., 1998) .
